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Abstract
In supersymmetric theories the radiative corrections due to heavy states could
leave their footprints in the flavour structure of the supersymmetry breaking masses.
We investigate whether present and future searches for the muon and electron EDMs
could be sensitive to the CP violation and flavour misalignment induced on slepton
masses by the radiative corrections due to the right-handed neutrinos of the see-
saw model and to the heavy Higgs triplets of SU(5) GUT. When this is the case,
limits on the relevant combination of neutrino Yukawa couplings are obtained. Ex-
plicit analytical expressions are provided which accounts for the dependencies on
the supersymmetric mass parameters.
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1 Introduction
In low energy supersymmetric extensions of the Standard Model (SM), unless sparti-
cle masses are considerably increased, present limits on flavour violating (FV) decays
and electric dipole moments (EDMs) respectively allow for a quite small amount of
fermion-sfermion misalignment in the flavour basis and constrain the phases in the
diagonal elements of sfermion masses, involving the parameters µ and A, to be rather
small. The bounds on the supersymmetric contribution to lepton (L)FV decays and
EDMs have the advantage, as compared to the corresponding squark sector ones, of
being not biased by the SM contribution - nor by the non-supersymmetric seesaw
[1] contribution [2]. Experimental limits on LFV decays and EDMs are then a direct
probe of the flavour and CP pattern of slepton masses - see e.g. Ref. [3] for a recent
collection. From a theoretical perspective, understanding why CP phases and devia-
tions from alignment are so strongly suppressed is one of the major problems of low
energy supersymmetry, the CP and flavour problem. On the other hand, precisely
because FV decays and EDMs provide strong constraints, they can share some light
on the features of the (possibly) supersymmetric extension of the SM.
Indeed, it is well known that even if these CP phases and misalignments were
absent - or suppressed enough - from the effective broken supersymmetric theory
defined at MP l, they would be generated at low energy by the RGE corrections due
to other flavour and CP violating sources already present in the theory, in particular
from the Yukawa couplings of heavy states like the right-handed neutrinos of the
seesaw model [4] and the Higgs triplets of SU(5) grand unified theories (GUT) [5].
Effects of radiative origin have the nice features of being naturally small, exactly
calculable once specified a certain theory and - most interestingly - if experiments
are sensitive to them, they yield limits on some combination of Yukawa couplings 1.
Recently, it has been stressed that the present (planned) limit on µ → eγ [6]
(τ → µγ [7]) is sensitive to the lepton-slepton misalignments induced by the radiative
corrections in the framework of the supersymmetric seesaw model and that the
associated constraints on neutrino Yukawa couplings have a remarkable feedback
on neutrino mass model building [8, 9]. However, LFV decays cannot provide any
information on the pattern of CP violation of slepton masses, while EDMs are
sensitive to both LF and CP violations. Since the present sensitivities to the electron
and muon EDMs, de < 10
−27 e cm [10] and dµ < 10
−18 e cm [11], could be lowered by
planned experiments by up to three to five [12, 13] and six to eight [14, 15] orders of
magnitude respectively, it is natural to wonder whether lepton EDMs would explore
the range associated to LF and CP violations of radiative origin.
In this work we analyze the predicted range for de and dµ when the radiative
corrections due to the right-handed neutrinos of the seesaw model and, possibly, the
1Of course, several effects of different origin could be simultaneously present, but there would
be no reason for a destructive interference among them to occur.
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Higgs triplets of SU(5) GUT provide the main source of CP violation and misalign-
ment in slepton masses. This allows to extract many informations. If experimental
searches could explore this range, one could obtain limits on the imaginary part of
the relevant combination of neutrino Yukawa couplings. Moreover, the eventual dis-
covery of a lepton EDM in this range might be interpreted as indirectly suggesting
the existence of such a kind of fundamental particles which are too heavy to be more
manifest. On the other hand, finding de and/or dµ above this predicted range would
prove the existence of a source of CP (and likely also LF) violation other than these
heavy states.
The pure seesaw case has been considered in Ref. [16] - see also the related studies
[17, 18] on specific seesaw textures -, where it has been pointed out that threshold
effects due to hierarchical right-handed neutrino masses enhance the radiatively-
induced Im(Aii), i = e, µ, τ . By extensively reappraising this framework, we find
that for tanβ & 10 the amplitude with a LL RR double insertion - proportional to
tan3 β - dominates over the one involving Im(Aii) - insensitive 2 to tanβ -, the exact
ratio depending on the particular choice of supersymmetric mass parameters. We
provide general expressions from which it is easy to recognize the model dependencies
and which complete previous analyses. Lepton EDMs are then strongly enhanced
in models with large tanβ. To see how close experiments are getting to the seesaw
induced lepton EDMs range, we compare the upper estimates for the radiatively-
induced misalignments and CP phases with the corresponding present and planned
experimental limits collected in [3].
The range for a seesaw-induced dµ turns out to be quite far from present searches
and, in particular, its eventual discovery above 10−23 e cm would prove the existence
of a source of CP violation other than the neutrino Yukawa couplings. On the
contrary, the present sensitivity to de explores the seesaw-induced range in models
with large tanβ and small R-slepton masses, say mR around 100 − 200 GeV. The
planned improvements for de would allow to test also models with mR up to the TeV
region and moderate tan β. When present or planned experimental limits turns out
to overlap with these allowed ranges, bounds on the imaginary part of the relevant
combinations of neutrino Yukawa couplings are obtained and plotted in the plane
(M˜1, mR), respectively the bino and the average R-slepton masses at low energy.
These plots allow to check whether any particular seesaw model is consistent with
present data and, if so, which level of experimental sensitivity would test it. In any
case, an experimentally interesting contribution requires hierarchical right-handed
neutrino masses.
This feature is no more necessary when, in addition to the seesaw, a stage of
SU(5) grand unification is present above the gauge coupling unification scale. It is
well known that the main drawback of minimal SU(5) is that the value of the triplet
mass, MT , required by gauge coupling unification is sizeably below the lower bound
on MT derived from proton lifetime (see for instance [19] for recent reviews and
2In Ref. [17] a dependence on tanβ arises due to the particular class of seesaw textures studied.
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references). In our analysis we therefore keep the triplet mass as a free parameter.
We nevertheless exploit the minimal SU(5) relations between the doublet and triplet
Yukawa couplings since in general they are mildly broken in non-minimal versions
of SU(5). The simultaneous presence of right-handed neutrinos and heavy triplets
turns out to further enhance the amplitude with the LL RR double insertion over
the one with Im(Aii), essentially unaffected by triplets. This cannot be derived by
the - otherwise elegant - technique based on the allowed invariants [20].
When right-handed neutrinos and Higgs triplets are simultaneously present, the
predicted range for the radiatively-induced de is already sizeably excluded by the
present experimental limit. This in turn is translated into a strong constraint on
the imaginary part of the combination of Yukawa couplings which is relevant for the
LL RR amplitude. Such a constraint could be hardly evaded even for large values of
the triplet mass and unfavorable supersymmetric mass parameters. The radiatively-
induced dµ in the presence of triplets should not exceed 10
−23 e cm, as was the case
for the pure seesaw. However, at difference of the latter case, in the former one dµ
only mildly depends on the spectrum of right-handed neutrinos. Notice that planned
searches for dµ could constrain (depending on the triplet mass mass, of course) the
imaginary part of the combination of Yukawa couplings whose absolute value could
be independently constrained by the LFV decay τ → µγ.
The paper is organized as follows. In Section 2 we introduce our notations, dis-
cuss the framework and make some preliminary considerations. Section 3 considers
the pure seesaw case by separately analyzing the flavour conserving (FC) and flavour
violating (FV) amplitudes contributing to lepton EDMs. In Section 4 the frame-
work of seesaw and SU(5) is discussed along the same lines. Concluding remarks
are drawn in Section 5. Finally, in Appendix A and B we collect the RGE in the
case of the seesaw, without and with a minimal SU(5) unification respectively.
2 Framework and Method
In this section we recall the expression for the lepton EDMs in the mass insertion
approximation [21, 22, 23, 25, 3] to display the supersymmetric mass parameters
that are constrained by the present and projected searches for de and dµ. We then
draw some preliminary considerations to introduce our procedure to calculate the
radiative 1-loop contribution to these mass parameters. The relevant RGE can be
found in the Appendix.
We adopt here the following conventions for the 6×6 slepton mass matrix in the
lepton flavour (LF) basis where the charged lepton mass matrix, mℓ, is diagonal:
(
ℓ˜†L ℓ˜
†
R
) ( m2LL A†evd − µ tanβmℓ
Aevd − µ∗ tanβmℓ m2RR
) (
ℓ˜L
ℓ˜R
)
(1)
where Ae is the 3 × 3 matrix of the trilinear coupling, the A−term. All deviations
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from alignment in this mass matrix are gathered in the δ matrices, which contain
30 real parameters (including 12 phases) and are defined as:
m2LL = m
2
L(I+ δ
LL) m2RR = m
2
R(I+ δ
RR)
A†evd − µ tanβmℓ = (A∗ℓℓvd − µ tanβmℓ) +mLmRδLR (2)
where mL, mR are average masses for L and R sleptons respectively and Aℓℓ ∼
O(msusymℓ/vd) are the diagonal elements of Ae, so that δ
LR has only non-diagonal,
flavour violating, elements.
The supersymmetric contributions to di, (i = e, µ, τ), can be splitted in two
parts, involving respectively only flavour conserving (FC) or flavour violating (FV)
elements of the slepton mass matrix (1):
di = d
FC
i + d
FV
i (3)
dFCi =
e
2
αM1
4π|µ|2 cos2 θW [miIm(µ) tanβ(IB +
1
2
IL − IR + I2)− vdIm(A∗ii)IB](4)
dFVi =
e
2
αM1
4π|µ|2 cos2 θW
[
mRmL(Im(δLLδLR)iiI ′B,L + Im(δLRδRR)iiI ′B,R)
+ tanβ(Im(δLLµηℓmℓδRR)iiI ′′B + Im(δLRµ∗η∗ℓmℓδLR)iiI ′′B)
]
(5)
where ηℓ ≡ ı3 − Aℓℓvd/(mℓµ tanβ), the functions I are defined as in [3] and terms
that are less relevant 3 or higher order in the δ’s matrix elements are omitted.
Notice that ηℓ ≈ ı3 for relatively large values of tanβ, favored in mSUGRA and
for which the LF and CP violations are most likely to be detected. The FC and
FV contributions could result from different seeds of CP violation but could also
be correlated in many different ways in models. Anyway, the experimental limit
can be put on both because, due to the different nature of the many parameters
involved, an eventual cancellation between these contributions appears unnatural.
The distinction between the FC and FV contributions is also phenomenologically
relevant: some of the |δ|’s in the FV terms are already constrained to be smaller
than O(1) by LFV decays, while Im(µ) and Im(Aii) are directly constrained by the
EDMs.
Our aim here is to estimate the radiative contribution to the lepton EDMs in-
duced by the seesaw interactions, first alone and subsequently accompanied by a
stage of SU(5) GUT. Since the present experimental bounds on LFV decays and
EDMs already point towards family blind soft terms (i.e. sparticles with the same
quantum numbers must have the same soft terms) with very small CP phases, at
the cut-off Λ = MP l corresponding to the decoupling of gravitational interactions
we assume real and flavour blind soft terms, namely in eq. (1),
m2LL = m
2
RR = m
2
0ı3 , Ae = yea0 , (6)
3E.g. a contribution to dFCi of the form of (5), with δ
LR → (A∗ℓℓvd−µ tanβmℓ)/(mLmR), is in
principle present, but it is negligible with respect to (4).
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with real a0, m0 and µ term. In the next sections we separately study the FC
and FV contributions to di and obtain explicit approximate expressions for Im(Aii)
and the products of δ’s in (5). The effects of a more general family independence
assumption are important but not crucial and can be easily included in our analysis.
By means of these general approximated expressions we will:
i) derive the upper prediction for the radiatively induced leptonic EDMs, stressing
the model dependences;
ii) compare it with the experimental limits;
iii) when allowed by the experiment, obtain an upper bound on the imaginary part
of the relevant combination of Yukawa couplings.
A couple of preliminary considerations are in order before presenting the results
of the next sections.
2.1 On the naive scaling relation
In the limit that all slepton masses are family independent, the FV contribution
vanishes and the FC one is proportional to the mass of the i−th lepton (Im(Aii)vd ≈
Im(a0)mi) leading, except an accidental cancellation 4 with the µ-term amplitude,
to the ”naive” scaling relation
di/dj = mi/mj . (7)
Then, due to the present experimental limit on de, dµ could not exceed demµ/me ∼
2 · 10−25 e cm, which roughly corresponds to the planned sensitivity and, if the limit
on de were still to be lowered, next generation experiments would have no chance of
measuring dµ.
Such considerations could provide interesting informations because (7) strictly
apply only to the FC µ-contribution to the EDM, while in general both Im(Aii) and
the FV terms may strongly violate it. This is the case for the radiatively induced
Im(Aii). Some of the FV contributions are instead naturally proportional to a
different lepton mass, mk, possibly heavier than mi, as discussed in [25, 20] - and,
before, for the quark sector, in [26]. In particular, it will turn out in the next sections
that the FV contribution can even take over the FC one. Hence, a value of dµ above
∼ 2 · 10−25 e cm is a possibility that deserves experimental tests and, interestingly
enough, it would imply the source of lepton EDM being either the FV contribution
or a non-universal Im(Aii), so providing a remarkable hint for our understanding
of CP violation.
4For dedicated studies on cancellations between amplitudes, also in more general frameworks,
see e.g. [23, 24].
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2.2 On the relevant combination of Yukawa couplings
Once a theory is specified, it is relatively easy to list the combinations of Yukawa
couplings appearing in the slepton mass radiative corrections that may contribute
to lepton EDMs. However, the actual calculation is more involved as we now turn
to discuss.
As an example, let us look for Im(Aii) by studying the evolution of Ae in the case
of degenerate right-handed neutrino masses, M¯ , for simplicity. Let us first consider
the case of the pure seesaw and define 5 the hermitian matrices E ≡ y†eye, N ≡ y†νyν .
Notice that E is real and diagonal in the LF defining basis and N is diagonalized
by a unitary matrix similar to the CKM one with only one phase (even for non-
degenerate right-handed neutrinos). By solving the RGE for Ae, eq. (37), linearly
in t3 ≡ 1/(4π)2 ln(MP l/M¯), Ae can only be proportional to yeE and yeN , whose
diagonal elements are real. At O(t23) only yeEE, yeNN, yeNE and yeEN appear,
whose diagonal elements are again real. A potential Im(Aii) shows up at O(t43),
through Im(yeN [N,E]N)ii. On the other hand, when also Yukawa interaction of
the SU(5) triplets are present, eq. (48) shows that, at first order in tT ≡ 1/(4π)2
ln(MP l/MT ), Ae can be proportional to yeE, yeN but also to U
∗ye, where U ≡ y†uyu.
The latter have real diagonal elements but allow at O(t2T ) for a combination with
diagonal imaginary part, namely (U∗yeN)ii.
Accordingly, in order to evaluate the actual coefficients in front of the prod-
ucts of Yukawa coupling matrices which are likely to have phases, we solve the
RGE for the soft parameters by a Taylor expansion in the small parameters tif =
1/(4π)2 ln(Qi/Qf) associated to the intervals between the successive decoupling
thresholds of the various heavy states. For instance, by integrating the RGE for
Ae in the case of SU(5) plus seesaw, a non vanishing coefficient is obtained for the
combination Im(U∗yeN)ii at O(t2T ). Now, lepton FV transitions and CP phases
are naturally defined in the LF basis where ye and the Majorana masses MR are
diagonal and real. This basis is not invariant under the RGE evolution and one
should diagonalize ye and MR again at the lower scale. Therefore, one has to find
out the effect of these final rotations.
We adopt the rotating basis method introduced in Ref. [26], where the RGE are
modified to incorporate the fact that the matrices are defined in the LF basis at
each scale, so that ye and MR are always diagonal. It is worth to stress that, even
if the rotations needed to diagonalize ye are small, their effect could be crucial for
Im(Aii) and the four products of δ’s in eq. (5). For instance, in the case of SU(5)
plus seesaw it turns out that this correction exactly cancels the term proportional to
t2TIm(U∗yeN)ii in Ae. On the contrary, these rotations can be safely neglected when
deriving approximate expressions for the radiatively-induced LFV decays because
the latter are only sensitive to absolute values of δ’s.
5Here and in the following Dirac mass terms are always written as f¯RmffL.
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3 Lepton EDMs and Seesaw
In this section we consider the predictions for lepton EDMs in the context of the
supersymmetric extension of the seesaw model, namely we assume the MSSM sup-
plemented with the seesaw Yukawa interactions and Majorana masses for the right-
handed neutrinos as the effective theory valid up to the cut-off Λ = MP l where
gravitational interactions decouple. Starting with real and universal boundary con-
ditions at MP l, we solve the RGE displayed in Appendix A by expanding in the
small parameters defined by the right-handed neutrino thresholds
t3 =
1
(4π)2
ln
Λ
M3
t2 =
1
(4π)2
ln
M3
M2
t1 =
1
(4π)2
ln
M2
M1
, (8)
with the ordering M3 > M2 > M1. We thus obtain approximate analytic expres-
sions for the radiatively induced δ’s and Im(Aii) which depend on m0, a0 and the
Yukawa couplings defined in the LF basis at the scale Λ. Of course the latter can
be immediately translated into the corresponding ones defined at any scale, e.g. M1
or msusy.
Precisely because of the lepton flavour and CP violating Yukawa couplings, the
LF basis is continuously rotated and rephased with the RGE evolution and, as
already discussed, we handle this by working in a rotating basis. It turns out that
the basis transformation introduces negligible corrections in the FC terms (4) but
important ones in the FV terms (5). Notice also that the seesaw effects stop at
the decoupling threshold of the lightest right-handed neutrino, M1, and that the
RGE evolution of these effects down to the supersymmetric scales where CP and
lepton FV transitions are estimated is generically small and can be neglect for our
estimates. We now study separately the FC and the FV contributions.
3.1 Flavour conserving contribution
Starting in the LF basis at MP l from Ae = yea0, the seesaw interactions generate a
Im(Aii) in the LF basis atM1. At leading order in the t’s and defining y†νPayν ≡ Na
(a = 1, 2, 3) and the right-handed neutrinos projectors P1 = diag(1, 0, 0), P2 =
diag(1, 1, 0), P3 = ı3, the latter reads
6:
Im(Aii) = 8a0yei (t2t3Im(N2N3)ii + t1t3Im(N1N3)ii + t1t2Im(N1N2)ii) , (9)
where the Yukawas in the r.h.s. are evaluated at Λ. A similar 7 formula were previ-
ously presented in Refs. [16, 17, 18], but with the various Yukawas involved defined
6Actually, (9) is an approximation by excess and improves as the involved Yukawa couplings
become small. However, for our estimates it is reliable up to O(1) Yukawa couplings.
7As far as the comparison with the expressions in Refs. [16, 17, 18] is possible, we find agreement
with the last papers up to the coefficient of Im(N1N2)ii.
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at different scales. Then, one must be more cautious in drawing general conclusions
and the authors validate theirs with specific numerical examples. Our approach
offers the advantage that the corresponding results become more transparent and
allow for an easier estimate of the effects once a pattern of seesaw parameters is
assigned. Anyway, the crucial point [16] is that the more right-handed neutrinos are
hierarchical, the more the FC contribution increases. Indeed, it vanishes in the limit
that right-handed neutrinos are degenerate, in which case a contribution to Im(Aii)
only appears at fourth order, proportional to Im(yeN [N,E]N)ii. Notice also that
the naive scaling relation is generally violated [16] by (9).
Eq. (9) displays a linear dependence on the unknown parameter a0. By defining
Aii ≡ |Aii|ei8φAi , then φAi ≈ t2t3Im(N2N3)ii+ t1t3Im(N1N3)ii+ t1t2Im(N1N2)ii is
completely specified by the seesaw parameters. However, as appears from eq. (4)
the experimental limit on di doesn’t probe directly φAi, rather it gives a bound on
Im(Aii)vd ≡ miIm(ai) once supersymmetric masses are fixed (and up to unnatural
conspiracies between the various amplitudes). Figs. 1, taken from Ref. [3], show
the present upper limits on |Im(ae)|/mR and the planned ones for |Im(aµ)|/mR in
the plane (M˜1, mR), respectively the bino and R slepton mass at msusy. Notice that
these limits are quite model independent because, apart from mR and M˜1, there is
only a mild dependence on mL, which we have fixed as in mSUGRA for definiteness.
Indeed, since the A-term amplitude in dFCi arises from pure bino exchange, it does
not involve 8 µ nor tanβ. In mSUGRA there is an unphysical region in the plane
(M˜1, mR) corresponding to m
2
0 < 0 and which has been indicated in light grey in the
plots. Anyway, the dark grey region and below is also excluded because mR ≤ M˜1,
in contrast with the requirement of neutrality for the LSP.
To find an upper estimate for the seesaw induced dFCi , let us evaluate |Im(ai)|/mR
from eq. (9) by considering only its first term. This situation is representative be-
cause the terms proportional to t1 are negligible when the lightest right-handed
neutrino has smaller Yukawa couplings, as happens in many models and as one
would guess from similarity with the charged fermion sectors. Anyway, the follow-
ing discussion is trivially adapted to other cases. For definiteness, we adopt this set
of reference threshold values: M2 = 10
12 GeV, M3 = 10
15 GeV, Λ = 2 1018 GeV.
Since, as demanded by perturbativity, (N2N3)ii ≤ O(1),
Im(ai)
mR
≤ O
(
0.02
t2t3
2 10−3
)
a0
mR
. (10)
This upper estimate is easily adapted to any given model once the relation between
a0 andmR is made explicit. To make the dependence more manifest, let us introduce
the following two mSUGRA situations: a) a20 = 2m
2
0; b) a
2
0 = M˜
2
1/2, where M˜1/2 is
the universal gaugino mass at the gauge coupling unification scale. In the first case
8The function IB in eq. (4) contains a factor |µ|2 that cancels the one in the overall coefficient.
The exact expressions for IB can be found in [3], as well as approximate ones suitable for various
pattern of supersymmetric masses.
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Figure 1: Experimental upper bound on |Im(ae)|/mR and |Im(aµ)|/mR for de <
10−27 e cm and dµ < 10
−24 e cm respectively [3]. r−1 corresponds to the slope:
r ≡ M˜1/mR. For the present sensitivity dµ < 10−18 e cm, the numbers have to be
multiplied by 106. mL is fixed as in mSUGRA.
(a0/mR)
2 ≈ 2(1 − 0.9r2), with r ≡ M˜1/mR. The ratio a0/mR thus displays a mild
excursion as it decreases from
√
2 down to 0.45 when moving from the vertical left
axes, where r ≪ 1, to the joining line of the dark grey region, where r = 1. For case
b), the situation is opposite and not so mild: (a0/mR) ≈ 2.5 r. In the more natural
cases in between, the ratio a0/mR should thus be rather stable.
Let us now compare the upper estimate (10) with the experimental bound. As
appears from eq. (4), the latter improves linearly with the experimental sensitivity
to di. Taking a0 ∼ mR, figs. (1) show that values around 0.02 for |Im(ai)|/mR
would require an experimental sensitivity to de and dµ respectively at the level of
10−28 − 10−29 e cm and 2 10−26 − 2 10−27 e cm, the exact value depending on
the particular point of the (M˜1, mR) plane. However, to avoid charge and color
breaking, the constraint a0/mR ≤ 3 in general applies. Thus, focusing for instance
around mR ≈ 500 GeV, the FC contribution cannot exceed ∼ 10−28 e cm for de and
∼ 2 10−26 e cm for dµ, even with highly hierarchical right-handed neutrinos. Notice
that the former value could be at hand of future experimental searches for de, while
the latter is at the very limit of the planned experimental sensitivity to dµ. Allowing
for smaller mR values, mR ≈ 200 GeV, the FC seesaw upper estimate comes close
to the present limit for de while it cannot be more than ∼ 2 10−25 e cm for dµ.
9
The result for dµ is thus a kind of ”negative” one, since its eventual future dis-
covery above ∼ 2 10−25 e cm couldn’t be attributed to the radiative FC contribution
of the seesaw. Even if the situation for dFCe appears more optimistic, it is worth
to underline that the previous upper estimate actually applies to models with at
least four O(1) neutrino Yukawa couplings and large CP phases, like those in Ref.
[18]. However, as we now turn to discuss, the FV contribution, underestimated by
previous analyses, could drastically enhance the di upper estimate.
3.2 Flavour violating contributions
In the following we isolate the potentially most important products of δ’s and give
an estimate of their relative magnitude with respect to the FC amplitude. The
relevant approximations for the flavour violating elements, i 6= j, of the δ’s are:
mLmRδ
LR
ij = a0mi[−2t3Nij +
∑
a
t2a
2
FA(a, a)ij +
∑
a>b
tatbFA(a, b)ij ] (11)
m2Rδ
RR
ij =
∑
a
t2a
2
FR(a, a)ij +
∑
a>b
tatbFR(a, b)ij (12)
m2Lδ
LL
ij = −(6m20 + 2a20)t3Nij +
∑
a
t2a
2
FL(a, a)ij +
∑
a>b
tatbFL(a, b)ij (13)
where a, b = 1, 2, 3 , the matrix N is defined as t3N ≡ t3N3 + t2N2 + t1N1 and
FA(a, b) = 15{E,Na} − 5{E,Nb}+ 12{Na, Nb}+ 4[Nb, u(b)E ]
+ 2((Nb(d) +De)Na + (Na(d) +De)Nb) + 4(D˜
(a)
ν /a0 +D
(a)
ν )Nb
+ [Na, E] + 4[Nb, Na] + 7[E,Nb] , (14)
FR(a, b) = 8[(6m
2
0 + 4a
2
0)yeNay
†
e − (6m20 + 2a20)yeNby†e] (15)
FL(a, b) = 2(6m
2
0 + 2a
2
0)({3Nb + E,Na}+ 2D(a)ν Nb + [Na, u(b)E ]) + 2m2′HuNb
+ 4a20({3Nb + E,Na}+ {E,Nb}) + 2(GL + 4a0D˜(a)ν )Nb (16)
with the Yukawas in the r.h.s. evaluated at the scale Λ. The subscript (d) indicates
to take only the diagonal elements of the matrix, u
(a)
E is defined through [u
(a)
E , E] =
{E, 3E + Na + De} and the definition of all the other quantities can be found in
Appendix A.
By means of the above expressions, the predictions for the imaginary part of the
various product of δ’s can be studied. An imaginary part in the products (δLLδLR)ii,
(δLRδRR)ii, ..., only arises at third order in at least two different t’s.
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3.2.1 The LL RR contribution
Let us firstly discuss the LL RR double insertion, Im(δLLµηℓmℓδRR)ii, which turns
out to be the quantitatively most interesting one. Since in general ηℓ ≈ ı3 and the
phase of µ - if any - is extremely small so that it can be safely neglected in the
discussion, Im(δLLµηℓmℓδRR)ii ≈ µIm(δLLmℓδRR)ii. From eqs. (12, 13) it appears
that δRRij , δ
LL
ij are respectively of second and first order in the t’s. Thus, the lowest
order is the cubic and the LL RR contribution reads:
Im(δLLmℓδRR)ii = 8mi (6m
2
0 + 2a
2
0)(6m
2
0 + 3a
2
0)
m2Lm
2
R
∑
a>b
tatb(ta + tb)Im(NaENb)ii .
(17)
Notice that Im(NaENb)ii = tan2 βIm(Nam2ℓNb)ii/m2t , where mt is the top mass.
Due to the hierarchy in mℓ, a potentially important effect could only come from
Im(Nai3Nb3i). Notice also that, on the contrary of the FC contribution, (17) doesn’t
strongly depend on a0.
The relative importance between this amplitude and the FC one can be easily ap-
preciated by neglecting the terms proportional to t1, which, as already mentioned, is
justified when the lightest right-handed neutrino has the smallest Yukawa couplings:
dFVLLRRi
dFCi
=
µ tan3 β
a0
(6m20 + 2a
2
0)(6m
2
0 + 3a
2
0)
m2Rm
2
L
(t2 + t3)
Im(N3m2ℓN2)ii
m2t Im(N3N2)ii
I ′′B
IB
. (18)
For realistic values, the ratio of the two loop functions is slightly smaller than one. To
obtain a rule of thumb, let us take m0 ∼ a0 ∼ mL,R and the reference ratio Λ/M2 =
2 106. Then, unless ad hoc fine-tunings in the structure of N , Im(N3m2ℓN2)ii ∼
m2τIm(N3N2)ii, and one finds
dFVLLRRi
dFCi
∼ 0.5 tan
3 β
103
µ
µew
t2 + t3
0.1
(rule of thumb), (19)
where |µew|2 ≈ 0.5m2R+20M˜21 is the value of µ accounting for radiative electroweak
breaking in mSUGRA. Despite being of third order in the t’s, the FV amplitude can
take over the FC one thanks to its tan3 β dependence. The precise value of this ratio
is displayed in figs. 2 in the plane (M˜1, mR). Cases a) and b) are separately displayed
so that the behavior for any situation in between can be easily extrapolated. The
relevant generalizations are also reminded. The plots show that the rule of thumb
is quite reliable and allow to extract, for each point of the plane, the value of tan β
for which the FV amplitude takes over the FC one. In both cases a) and b), this
happens for tanβ & 10 - the only exception being the region with r ≈ 1 for case a),
where tanβ & 20 is required.
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Figure 2: Ratio dFVLLRRi /d
FC
i when Im(N3m2ℓN2)ii ≈ m2τIm(N3N2)ii. We have
assumed as reference: Λ/M2 = 2 10
6, mL as in mSUGRA, µ = µew and tanβ = 10.
3.2.2 The other contributions
The amplitudes with the other products of δ’s are less important than the LL RR
one. Consider for instance Im(δLRδRR)ii. The flavour violating elements in δRR and
δLR are respectively of second and first order, so that the product appears at third
order:
Im(δLRδRR)ii = 8mia0(12m
2
0 + 6a
2
0)
m3RmL
∑
a>b
tatb(ta + tb)Im(NaENb)ii . (20)
It vanishes in the limit a0 → 0, as the FC contribution. Neglecting the terms
proportional to t1, the ratio of the LR RR amplitude and the FC one reads
dFVLRRRi
dFCi
= tan2 β
12m20 + 6a
2
0
m2R
(t2 + t3)
Im(N3m2ℓN2)ii
m2tIm(N3N2)ii
I ′B(R)
IB
. (21)
It is easy to check that this ratio is smaller than one (unless ad hoc fine-tunings
in the structure of N): the ratio of the two loop functions is slightly smaller than
one for realistic values of the supersymmetric parameters and, taking for instance
m0 = a0 and Λ/M2 = 2 10
6, (21) should not exceed ∼ 10−4 tan2 β.
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For Im(δLLδLR)ii, no imaginary part can arise at second order in t’s because both
δLL and δLR are proportional to t3N . At third order there are many contributions
and it is lengthy but straightforward to check that they are proportional to at
least two different t’s. This contribution is also proportional to a0 and could be
comparable to the FC one but is in any case smaller than the LL RR one. The
expression for the double LR insertion is also quite involved. It is proportional to
a20 and, being also suppressed by a factor m
2
ℓ/m
2
L with respect to the LL RR one, it
can be safely neglected.
3.3 Predicted range and constrains on Yukawas
For values of tanβ & 10, for which the EDMs are enhanced and thus most likely
to be observed, the FV amplitude with the LL RR double insertion is generically
dominant with respect to all other amplitudes. Then, when tan β & 10, all the
considerations made previously for dFCi actually apply to di when strengthened by
the rule of thumb factor (19). To give an example, if t2 + t3 ∼ 0.1 and µ ∼ µew,
de cannot exceed ∼ 0.5 10−28(−27) tan3 β/103 e cm and dµ ∼ 10−26(−25) tan3 β/103
e cm when mR ∼ 500(200) GeV. Planned experimental sensitivities to dµ could
then test the seesaw radiative contribution for models with small mR and/or large
tan β, in which case the factor (19) could be up to ∼ 50− 60 so that dµ should not
exceed O(10−23) e cm. On the contrary, the range of the seesaw induced de already
overlaps with the present experimental limit for values of mR up to 1/2 TeV when
tan β ∼ 30.
Barring unnatural cancellations, planned searches for de could thus test each
term of the sum in (17), namely each 9
tatb(ta + tb)Im(Nam
2
ℓ
m2τ
Nb)11 (a > b) . (22)
The effect of an eventual two orders of magnitude improvement for de on the upper
limit on Im(Nam2ℓNb)11/m2τ is displayed in fig. 3 by taking as reference values
tan β = 30 and tatb(ta + tb) = 2 10
−4. It turns out that planned limits could be
severe enough to test models with hierarchical neutrino Yukawa couplings. This
cannot be done by present limits. For any given seesaw model, it is straightforward
to extrapolate from the plot the level of experimental sensitivity required to test it.
Notice also that for dµ, limits on Im(Nam2ℓNb)22/m2τ as strong as the present ones
on Im(Nam2ℓNb)11/m2τ would require a sensitivity to dµ at the level of 2 10−25 e cm.
9Needless to say, this remains true even if the FC were the dominant amplitude, in which case
the bound would be stronger.
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4 Lepton EDMs, Seesaw and SU(5) Triplets
We now add to the supersymmetric seesaw model a stage of a minimal SU(5) GUT
above the gauge couplings unification scale,MGUT ∼ 2 1016 GeV. Namely, we include
the contribution of the higgs triplets Yukawa interactions to the RGE evolution of
slepton masses fromMP l down to their threshold decoupling scaleMT , which is very
likely to be bigger than M3. Notations are defined in Appendix B.
It is not restrictive to work (at any scale) in the basis where (yTd =)ye and MR
are real and diagonal and yu = V
TduφuV , where du are the (real and positive)
eigenvalues of yu, V is the CKM matrix in the standard parameterization (more on
this later) and φu is a diagonal SU(3) matrix. The RGE for the radiatively induced
misalignments are written in eqs. (47) to (50). At first order in t1,2,3 defined in eq.
(8) and
tT ≡ 1
(4π)2
ln
MP l
MT
, (23)
their solutions at the scale M1 reads:
m2Rδ
RR = −(6m20 + 2a20)(2t1y2e + 3tTU∗)
m2Lδ
LL = −(6m20 + 2a20)((3tT + t1)y2e + t3N ) (24)
mLmRδ
RL = −a0(6tTU∗mℓ + 2mℓt3N )
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where the matrix N is defined as t3N ≡ t3N3 + t2N2 + t1N1. It is understood
that all the quantities in the r.h.s. of (24) are evaluated at Λ. The small effects of
the subsequent evolution from M1 down to msusy can be neglected in the following
discussion. We explicitly write only the first order terms 10 in the t’s because,
contrarily to the seesaw case, they already produce a potential imaginary part for
the FV contribution, eq. (5). Instead, for the diagonal part of Ae this is not the
case, as we now turn to discuss.
4.1 Flavour conserving contribution
As anticipated in the simplified discussion of Section 2, a potential candidate for
Im(Aii), proportional to Im(U∗yeN)ii, could show up at O(t2T ). It is lengthy but
straightforward to see that such term is exactly canceled by the effect of rotating
the basis. For the same reason, in the general case with different thresholds M1,2,3,
MT , the overall coefficient of Im(U∗yeN )ii is zero. Therefore, the second order
contribution to Im(Aii) is just
Im(Aii) = 8 a0 yei [ (
3
2
tT + t3)t2 Im(N2N3)ii + (3
2
tT + t3)t1 Im(N1N3)ii
+t2t1Im(N1N2)ii ] , (25)
namely the pure seesaw one discussed in the previous section, eq. (10), with the
substitution t3 → (3/2 tT + t3), due to the fact that above MT also the triplets
circulate in the loop renormalizing the wave functions. tT is naturally expected to
be small (triplets will not decouple much below 1016 GeV) so that eventual higher
order contributions involving tT are expected to be negligible with respect to (25).
As a result, a stage of SU(5)-like grand unification, cannot enhance by much the
FC contribution with respect to the pure seesaw case.
4.2 Flavour violating contribution
On the contrary, products of two δ’s have an imaginary part proportional to t3tT
Im(U∗yeN )ii and the FV contribution to di is potentially bigger than the FC one.
Most interestingly, the predicted range for the radiatively induced de turns out to
have been already sizeably excluded by the present experimental bounds. Planned
searches for dµ would also get close to test the range corresponding to radiatively
induced misalignments.
Let us consider in turn the predictions for the imaginary part of the products of
δ’s, eq. (5), from their expressions given in eq. (24). As before, the most important
contribution comes out from the LL RR double insertion. Since ηℓ ≈ ı3 and the
10Of course eqs. (24) overestimate the misalignment. However, for our estimates here they are
reliable up to yt ∼ yν3 ∼ 1.
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phase of µ - if any - is experimentally small enough to be safely neglected in the
present discussion, one has at the lowest relevant order in the t’s
Im(δLLmℓδRR)ii = 3 tT t3 (6m
2
0 + 2a
2
0)
2
m2Rm
2
L
Im(NmℓU∗)ii . (26)
This FV contribution is potentially much bigger than the FC one because, apart from
Yukawas and numerical coefficients, it is enhanced by a factor (mτµ tanβ)/(mia0).
The other FV combinations in (5) are:
Im(δLRmℓδLR)ii = 12 tT t3 a
2
0
m2R
Im(Nm3ℓU∗)ii
m2L
(27)
Im(δLRδRR)ii = 6 tT t3 a0(6m
2
0 + 2a
2
0)
m3R
Im(NmℓU∗)ii
mL
(28)
Im(δLLδLR)ii = m
2
R
m2L
Im(δLRδRR)ii . (29)
The only contribution which does not vanish in the limit a0 → 0 is the LL RR
one. To compare the amplitudes, (26), (27) and (28), (29) have to be multiplied
respectively by µ tanβ and mLmR and also by the appropriate loop functions, which
have the same sign and in general are of the same order of magnitude (for more
details see [3]). Then, if µ > 0 the four FV amplitudes have the same sign. However,
the double LR insertion is always negligible with respect to the LL RR one because
of the suppression factorm2ℓ/m
2
L. For the other amplitudes (28),(29) the suppression
factor with respect to (26) is mR,L/(µ tanβ) (actually smaller due to the numerical
coefficients). Then, even in the case of µ < 0, a reduction of the LL RR amplitude
due to accidental cancellations seems unrealistic. Of course, also the contributions
due to different thresholds in the right-handed neutrino spectrum are present, in
exact analogy to what has been discussed in the previous section.
It is instructive to focus on the magnitude and dependencies of the combination
Im(NmℓU∗)ii. For de and dµ, neglecting subleading terms proportional to y2c , y2u
and defining Vtd ≡ |Vtd|eiφtd:
Im(NmℓU∗)22 ≈ mτ y2t Vts
(
Im(N23)− me
mτ
|Vtd| Im(eiφtdN12)
)
(30)
Im(NmℓU∗)11 ≈ mτ y2t |Vtd|
(
Im(e−iφtdN13) + mµ
mτ
Vts Im(e−iφtdN12)
)
(31)
where we exploited the fact that Vts is real in the standard parameterization. The
latter is convenient to stress that the CP phases involved in the above combinations
could be naturally large - as is indeed the case for φtd - but, of course, any other
choice must give equivalent results 11. The contribution proportional to Im(N12)
11Had we exploited the freedom of parameterizing V in such a way that Vti are real numbers,
then the CKM phase of V would have been hidden in the redefinition of N .
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has important suppression factors. Moreover |N12| is independently constrained to
be quite small from the present limits on µ→ eγ. A plot of the present upper limit
on |C12|, with C ≡ (4π)2t3N , in the plane (M˜1, mR) can be found in Ref. [9]. The
limit were derived for the seesaw but also applies without significant modifications
to the case of SU(5) plus seesaw. As a result, once fixed MT , experimental searches
for de and dµ represent a test for Im(e−iφtdN13) and Im(N23) respectively. Although
present searches for τ → µγ (τ → eγ) are not able by now to interestingly constrain
|C23| (|C13|), eventual experimental improvements would have an impact on dµ (de)
[28].
Notice also that the naive scaling relation is violated according to
de
dµ
=
|Vtd|
Vts
Im(e−iφtdN13)
Im(N23) (32)
and that the combinations of Yukawas relevant for di are independent on the phases
of the diagonal SU(3) matrix, φu. On the contrary, the latter affects (see for instance
Ref. [27]) the proton decay lifetime due to d=5 operators, whose most important
decay mode in the case of minimal SU(5) is p→ K+ν¯.
4.3 Predicted range and constraints on Yukawas
To understand how close to the experimental sensitivity is the radiatively induced
EDM range, we plot in figs. 5 and 8 the upper estimate for the most important
products of δ’s. We consider a degenerate spectrum of right-handed neutrinos to
pick out just the effect of the triplets, substitute theMP l-values for yt (≈ .7) and the
relevant CKM elements and choose as reference values Λ/MT = 10
2 and Λ/M3 =
2 103. Then, the upper estimate follows by requiring perturbativity, Im(N23) ≤ 1,
Im(e−iφtdN13) ≤ 1. Solid and dashed lines refers to cases a) and b) respectively. We
don’t show case b) for Im(δLLmℓδRR)ii/mτ , because the predicted value is essentially
flat. The upper estimate for Im(δLLδLR)ii is not shown, being closely related to
that on Im(δLRδRR)ii (see eq. (29)). The bounds on Im(δLRmℓδLR)ii/mτ are not
displayed because they are too small to be of potential interest.
For an easy comparison, we have taken from the sleptonarium [3] the exper-
imental limits on the same quantities, figs. 4 and 7 . The experimental limits
on Im(δLRδRR)ii are close to those on Im(δLLδLR)ii and mildly depend on mL,
which has been fixed as in mSUGRA in the plots. On the contrary, the limits on
Im(δLLmℓδRR)ii/mτ are proportional to 1/(µ tanβ). For definiteness, tanβ = 10
and µ = µew have been assumed. The experimental bounds shown in figs. 4 and
7 correspond to the present bound de < 10
−27 e cm and to the planned sensitivity
dµ < 10
−24 e cm. Since the experimental bounds are proportional to the bound on
di, it is straightforward to extrapolate the sensitivity to dµ and de required to test
the radiatively induced de and dµ.
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Let us firstly discuss the de range. For our reference values, the upper estimate
for Im(δLRδRR)11 is O(10−6) and the present bound on de already constrains it to
be smaller in a large region of the plane. Although we already know that they are
not dominant, it is worth to discuss the LR RR amplitude and the similar LL LR
one because, as already mentioned, they are quite model independent. Allowing for
higher triplet masses, however, these amplitudes shift below the present experimen-
tal sensitivity. This is not the case for the LL RR amplitude. The maximum value
allowed for Im(δLLmℓδRR)11/mτ is displayed in the right panel of fig. 5 for case a).
In case b) it is ≈ 10−3 everywhere. Then, the present experimental bound on de has
already explored the radiative range for roughly 2− 3 orders of magnitude.
This can be translated into an upper limit on Im(e−iφtdN13), as in fig. 6. Notice
that this limit is indeed very strong and can be hardly evaded even looking for less
favorable parameters than those taken as reference. To check this, keep e.g. t3
fixed and try to worsen the limit: a reduction of µ with respect to µew is unlikely
to reduce it more than one order of magnitude; a suppression by another factor 10
would require a Λ/MT ≈ 1.6 ; on the other hand, for values of tanβ larger than 10
the limit linearly improves. As a result, in the framework of the seesaw accompanied
by SU(5), the limit on Im(e−iφtdN13) can be considered robust.
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Let us now turn to discuss dµ. By comparing figs. 7 and 8, it turns out that the
upper bound on the LR RR insertion would require a sensitivity to dµ at O(10
−26)
e cm, at the very limit of planned experimental improvements. Quantitatively, the
upper estimate for Im(δLLmℓδRR)22/mτ which, for case b) is ≈ 4 10−3, is more
promising. The major part of the plane in fig. 8 could be tested with dµ at the
level of 10−24–10−25 e cm and in general dµ should not exceed O(10
−23) e cm. As
a result, the eventual presence of triplets doesn’t enhance by much the range for
dµ with respect to the pure seesaw case. Nevertheless, here too the possibility of
constraining Im(N23) can be envisaged, as shown in fig. 9. Notice that, due to (32),
a limit on Im(N23) comparable to the present one on Im(e−iφtdN13) would require
to improve the dµ sensitivity down to 5 10
−27 e cm.
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5 Conclusions
Planned experiments might significantly strengthen the limit on de [12, 13] and dµ
[14, 15]. Their eventual discovery could be interpreted as an indirect manifestation
of supersymmetry but could not reveal which source of CP (and possibly flavour)
violation is actually responsible for the measured effect. Clearly, all sources in
principle able to give the lepton EDM even at an higher level would be automatically
constrained while those which fail in giving the lepton EDM at the desired level
would be automatically excluded from the list of possible candidates.
In this work, we have estimated the ranges for the lepton EDMs induced by the
Yukawa interactions of the heavy neutrinos, both alone and with the simultaneous
presence of the heavy SU(5) triplets. It turns out that the FV LLRR amplitude is
in general larger or comparable to the FC one. So, EDMs are enhanced for large
values of tanβ and do not strongly depend on a0.
The pure seesaw, even with large tanβ and very hierarchical right-handed neu-
trinos, cannot account for dµ above 10
−23 e cm. Its eventual discovery above this
level would then signal the presence of some source of CP and LF violation other
than the neutrino Yukawa couplings. The heavy triplets Yukawa couplings would be
excluded from the list of possible sources because their additional presence do not
significantly enhance the predicted range for dµ. Notice however that in the latter
case a hierarchical right-handed neutrino spectrum is no more essential to end up
with dµ at an interesting level for planned searches. From the theoretical point of
view, finding dµ above 10
−23 e cm would indeed have a remarkable impact.
Interestingly enough, the present experimental sensitivity to de is already testing
the simultaneous presence of triplets and right-handed neutrinos. Correspondingly,
constrains on Im(e−iφtdN13) have been derived which are significant even for quite
large values of the triplet mass and unfavorable supersymmetric masses. Without
the triplets, the radiatively-induced de is close to the present experimental sensitivity
only in models with large tan β and small slepton masses. Therefore, an experimental
improvement would eventually provide interesting limits on the imaginary part of
the relevant combination of neutrino Yukawa couplings and right-handed neutrino
masses.
In the present discussion we have been looking for results as general as possible.
Indeed, the specification of any particular seesaw model has been avoided and the
attention has rather focused on the dependencies on the supersymmetric masses
and heavy thresholds. Although some relevant seesaw models deserve a dedicated
analysis [28], figs. 3, 6 and 9 are suitable for a quick check of the status of any given
seesaw model with respect to the present and planned experimental limits on lepton
EDMs.
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A Appendix: Seesaw
In the basis where charged fermion and right handed Majorana neutrino masses are diagonal
W ∋ ucTyuQHu + dcT ydQHd + ecTyeLHd + νcT yνLHu + 1
2
νcTMRν
c (33)
where Q = (u d)T , L = (ν e)T and 〈H0
d(u)〉 = vd(u). Soft scalar masses are defined as
Lsoft ∋ u˜†Rm2uu˜R + d˜†Rm2dd˜R + Q˜†m2QQ˜+ e˜†Rm2ee˜R + L˜†m2LL˜+ ν˜†Rm2ν ν˜R
+ (u˜†RAuu˜Lvu + d˜
†
RAdd˜Lvd + e˜
†
RAee˜Lvd + ν˜
†
RAν ν˜Lvu + h.c.) (34)
Let us also introduce the following notations:
y†xyx ≡ X yxy†x ≡ X˜ (x = e, u, d)
Payν ≡ y(a)ν y†νPayν ≡ Na Payνy†νPa ≡ N˜a (a = 1, 2, 3)
where P2, P1 project out M3 and M3,2 respectively, P2 = diag(1, 1, 0), P1 = diag(1, 0, 0), and
P3 = ı3.
A.1 Running
Defining t ≡ 1(4π)2 lnQ, the running of the Yukawa coupling constants is governed by:
dy
(a)
ν
dt
= y(a)ν [3Na + E +D
(a)
ν ]
dye
dt
= ye[3E +Na +De]
dyu
dt
= yu[3U +D +D
(a)
u ] (35)
dyd
dt
= yd[3D + U +Dd]
d(PaMRPa)
dt
= 2[PaMRN˜
T
a + N˜aMRPa]
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where
D(a)ν = [Tr(3U +Na)− (3g22 +
3
5
g21)]ı3
De = [Tr(3D + E)− (3g22 +
9
5
g21)]ı3
D(a)u = [Tr(3U +Na)− (
16
3
g23 + 3g
2
2 +
13
15
g21)]ı3 (36)
Dd = [Tr(3D + E)− (16
3
g23 + 3g
2
2 +
7
15
g21)]ı3 .
For the trilinear couplings, defining PaAν ≡ A(a)ν
dA
(a)
ν
dt
= 4N˜aA
(a)
ν + 5A
(a)
ν Na + 2y
(a)
ν y
†
eAe +A
(a)
ν E +D
(a)
ν A
(a)
ν + 2D˜
(a)
ν y
(a)
ν
dAe
dt
= 4E˜Ae + 5AeE + 2yey
(a)
ν
†
A(a)ν +AeNa +DeAe + 2D˜eye (37)
dAu
dt
= 4U˜Au + 5AuU + 2yuy
†
dAd +AuD +D
(a)
u Au + 2D˜
(a)
u yu
dAd
dt
= 4D˜Ad + 5AdD + 2ydy
†
uAu +AdU +DdAd + 2D˜dyd
where
D˜(a)ν = [Tr(3y
†
uAu + y
(a)
ν
†
A(a)ν )− (3g22M˜2 +
3
5
g21M˜1)]ı3
D˜e = [Tr(3y
†
dAd + y
†
eAe)− (3g22M˜2 +
9
5
g21M˜1)]ı3 (38)
D˜(a)u = [Tr(3y
†
uAu + y
(a)
ν
†
A(a)ν )− (
16
3
g23M˜3 + 3g
2
2M˜2 +
13
15
g21M˜1)]ı3
D˜d = [Tr(3y
†
dAd + y
†
eAe)− (
16
3
g23M˜3 + 3g
2
2M˜2 +
7
15
g21M˜1)]ı3 .
For soft scalars, defining Pam
2
νPa ≡ m2ν(a)
dm2L
dt
= {m2L, E +Na}+ 2(y†em2eye +m2HdE +A†eAe) + 2(y(a)ν
†
m2ν
(a)
y(a)ν +m
2
Hu
Na +A
(a)
ν
†
A(a)ν ) +GL
dm2e
dt
= 2{m2e, E˜}+ 4(yem2Ly†e +m2HdE˜ +AeA†e) +Ge
dm2ν
(a)
dt
= 2{m2ν(a), N˜a}+ 4(y(a)ν m2Ly(a)ν
†
+m2HuN˜a +A
(a)
ν A
(a)
ν
†
) (39)
dm2Q
dt
= {m2Q, U +D}+ 2(y†um2uyu +m2HuU +A†uAu) + 2(y†dm2dyd +m2HdD +A†dAd) +GQ
dm2u
dt
= 2{m2u, U˜}+ 4(yum2Qy†u +m2HuU˜ +AuA†u) +Gu
dm2d
dt
= 2{m2d, D˜}+ 4(ydm2Qy†d +m2HdD˜ +AdA†d) +Gd
where
GL = −(6
5
g21M˜
2
1 + 6g
2
2M˜
2
2 )ı3 Ge = −(
24
5
g21M˜
2
1 )ı3
GQ = −( 2
15
g21M˜
2
1 + 6g
2
2M˜
2
2 +
32
3
g23M˜
2
3 )ı3 (40)
Gu = −(32
15
g21M˜
2
1 +
32
3
g23M˜
2
3 )ı3 Gd = −(
8
15
g21M˜
2
1 +
32
3
g23M˜
2
3 )ı3 .
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Finally,
dm2Hd
dt
= 6Tr(ydm
2
Qy
†
d + y
†
dm
2
dyd +m
2
Hd
D +A†dAd) + 2Tr(yem
2
Ly
†
e + y
†
em
2
eye +m
2
Hd
E +A†eAe) +GL
dm2Hu
dt
= 6Tr(yum
2
Qy
†
u + y
†
um
2
uyu +m
2
Hu
U +A†uAu) (41)
+ 2Tr(y(a)ν m
2
Ly
(a)
ν
†
+ y(a)ν
†
m2ν
(a)
y(a)ν +m
2
Hu
Na +A
(a)
ν
†
A(a)ν ) +GL
and we define m2
′
Hd(u)
≡ dm2Hd(u)/dt.
For energy scales between Λ and M3, one has to take a = 3; below M3 and above M2, a = 2;
while below M2 and above M1, a = 1.
B Appendix: SU(5) + See-saw
We adopt the following notation to write matter and Higgs superfields:
ψ10 =
1√
2


0 uc3 −uc2 u1 d1
−uc3 0 uc1 u2 d2
uc2 −uc1 0 u3 d3
−u1 −u2 −u3 0 ec
−d1 −d2 −d3 −ec 0

 φ5¯ =


dc1
dc2
dc3
e
−ν

 η1 = νc (42)
H¯ =


H3d1
H3d2
H3d3
H2d
−
−H2d0

 H =


H3u
1
H3u
2
H3u
3
H2u
+
H2u
0

 (43)
where < H02d(2u) >≡ vd(u). The superpotential
W ∋ 1
4
ψAByu ψ
CDHEǫABCDE +
√
2 ψABye φAH¯B + η1yν φAH
A +
1
2
η1MR η1 (44)
where A,B, ... = 1, ..., 5 and flavour indices are understood, gives rise to (33) with yd = y
T
e and
yu = y
T
u . For the soft breaking part of the Lagrangian
Lsoft = ψ˜†m2ψψ˜ + φ˜†m2φφ˜+ η˜†m2ηη˜ +m2hh†h+m2h¯h¯†h¯+ (
1
2
M5λ5λ5 + h.c.)
+
(
u˜cTAuu˜ vu + d˜
cTATe d˜ vd + e˜
cTAee˜ vd + ν˜
cTAν ν˜ vu
)
+ h.c. (45)
where the scalar fields are ψ˜ = (u˜c, u˜, d˜, e˜c), φ˜ = (d˜c, e˜, ν˜) and η˜ = ν˜c and gauginos are denoted
with λ5. In this way, in the scalar lepton mass matrix, m
2
LL = m
2
φ, m
2
RR = m
2∗
ψ .
B.1 Running
Setting t ≡ 1(4π)2 lnQ, dg5/dt = −3g35, dM5/dt = −6g25M5 and
dye
dt
= 6yeE + 3U˜ye + yeN +Geye
dyu
dt
= 6yuU + 2E˜yu + 2yuD +Guyu (46)
dyν
dt
= 6yνN + 4yνE +Gνyν
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where Ge = −84/5g25 +4Tr(E), Gu = −96/5g25 + Tr(3U +N), Gν = −48/5g25 + Tr(3U +N). For
scalar masses
dm2∗ψ
dt
= {m2∗ψ , 2E˜ + 3U˜}+ 4(yem2φy†e +m2h¯E˜ +AeA†e) + 6(yum2ψy†u +m2hU˜ +AuA†u) +Gψ
dm2φ
dt
= {m2φ, 4E +N}+ 8(y†em2∗ψ ye +m2h¯D +A†eAe) + 2(y†νm2∗η yν +m2hN +A†νAν) +Gφ
dm2∗η
dt
= 5{m2∗η , N˜}+ 10(yνm2φy†ν +m2hN˜ +AνA†ν) (47)
where Gψ = −144/5g25M25 ı3, Gφ = −96/5g25M25 ı3. For trilinear couplings
dAe
dt
= 10E˜Ae + 3U˜Ae + 8AeE + 6Auy
†
uye +AeN + 2yey
†
νAν +GeAe + 2G˜eye (48)
dAu
dt
= 9U˜Au + 2E˜Au + 9AuU + 4Aey
†
eyu + 2AuD + 4yuy
†
dAd +GuAu + 2G˜uyu (49)
dAν
dt
= 7N˜Aν + 11AνN + 4AνE + 8yνy
†
eAe +GνAν + 2G˜νyν (50)
where G˜e = −84/5g25M5+4Tr(y†eAe), G˜u = −96/5g25M5+Tr(3y†uAu+y†νAν), G˜ν = −48/5g25M5+
Tr(3y†uAu + y
†
νAν). Finally, for scalar higgses
dm2h
dt
= Tr(6U˜ + 2N˜)m2h + 6Tr(yum
2
ψy
†
u + y
†
um
2∗
ψ yu +AuA
†
u)
+ 2Tr(yνm
2
ψy
†
ν + y
T
νm
2
ηy
∗
ν +AνA
†
ν)−
96
5
g25M
2
5 (51)
dm2
h¯
dt
= 8Tr(E˜)m2
h¯
+ 8Tr(yem
2
φy
†
e + y
†
em
2∗
ψ ye +AeA
†
e)−
96
5
g25M
2
5 .
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